Use of real-time ultrasonography in meat animal improvement programs has increased largely as a result of the perceived accuracy of such instruments in measuring longissimus muscle area (LMA) and fat depth (BF). The objective of this study was to examine operator effects for ultrasonic determination of BF and LMA in market-weight cattle, sheep and pigs. The day prior to slaughter, five persons scanned 45 pigs, 32 sheep and 18 cattle at the last rib using an A-mode Ithaco Model 731AM101 body composition meter (ABF) and a Johnson and Johnson Ultrasound 210DX B-mode scanner fitted with a 3.0 MHz probe. All operators measured their own B-mode recordings (OBF, OLMA); an independent, experienced technician also obtained measurements from all recordings (TBF, TLMA). Species x machine x operator interaction effects were detected (P e .001) for ultrasonic BF. Within-species analyses also revealed that the machine x operator interaction was important (P e .001) for all species. Analyses of ABF, OBF, TBF, OLMA and TLMA detected species x operator interactions (P < .001) for all traits except TLMA (P > .20). Assuming a random model with animal, operator and residual effects, variance components were estimated by maximum likelihood for each species. Repeatabilities, calculated as the intraclass correlation among animals for BF and LMA scanned and interpreted by different operators, were .13, .21 and .51 (OBF) and .28, .15 and .29 (OLMA) for cattle, sheep and pigs, respectively, indicating the impoflance of operator effects. Repeatabilities of TBF were .90, .42 and .68 and of TLMA were .19, .55 and .65 for cattle, sheep and pigs, respectively, indicating the importance of image interpretation in determining operator effects associated with use of the 210DX B-mode scanner. Technical training standards must, therefore, be established for operators of such equipment.
Introduction
Use of real-time ultrasonography in meat animal improvement programs has increased largely as a result of the perceived accuracy of such instruments in measuring longissimus muscle area and fat depth (Kempster et al., 1982; Kanis, 1986; Forrest et al., 1989) . Amplitude (A) mode pulse-echo scanners have been used since the late 1950s to measure fat depth in cattle and pigs (Hazel and Kline, 1959; Stouffer, 1966; Simm, 1983) and to a lesser extent in sheep (Leymaster et al., 1985; Fortin and Shrestha, 1986) . Brightness (B) mode instruments, with multi-element linear array transducers that produce two-dimensional cross-sectional images of the body, have been applied more recently to livestock (Andersen et al., 1983; Edwards et al., 1989; Forrest et al., 1989; McLaren et al., 1989; Terry et al., 1989; Faulkner et al., 1990) . Ultrasonic B-mode scanners produce a continuously changing or "real-time" ultrasound image that can be frozen or captured on video tape. This image capture requires judgment and is a potential source of operator error. Error also may arise from interpretation of the ultrasound image. Estimates of correlations between real-time ultrasound and carcass measurements range from .3 to .9, exhibiting considerable variability (Table 1) . Operator effects, shown to be important for A-mode machines used with pigs and cattle (Stouffer et al., 1961; Simm, 1983; Sather et al., 1986 ) and for B-mode machines used with cattle (Tong et al., 1983; Henningsson et al., 1986) , have not been addressed for the commonly used 210DX real-time machine employed in this study. The objectives of this study were 1) to examine operator effects for ultrasonic determination of fat depth and longissimus muscle area in market weight cattle, sheep and pigs and 2) to partition operator effects into those associated with obtaining a real-time scan vs obtaining measurements from the scan.
Experimental Procedure
Management and Data Collection. A total of 18 cattle, 32 sheep (25 sheared, 7 not sheared) and 45 pigs were ultrasonically scanned by five persons (operators) the day before slaughter. All but one of the ultrasound operators had previous experience using one or both machines in field situations with pigs and(or) cattle. Each operator scanned each animal at the last rib using two machines, an A-mode Ithaco Model 731AM101 body composition mete2 and a B-mode Johnson and Johnson Ultrasound 210DX4 scanner fitted with a UST-5021-3 probe. This probe operates at 3.0 MHz, resulting in an image refreshing rate (frame rate) of 10 or 20 frames/s.
The A-mode machine has a row of 50 light emitting diodes, each representing 1 mm of subcutaneous fat depth. Fat depth measurements were written in a field book as taken by each operator, they were not aware of values recorded by other operators. The continuously changing "real-time" ultrasound image ob-tained from the B-mode machine was recorded on a VHS video tape. This tape was played back later on a 4-head VCR that allowed for stopaction and an accurate display of single ultrasound image frames. Each operator selected the "best" image they had recorded on each animal, traced that image from the monitor screen onto acetate film and made measurements from that tracing. An experienced technician performed the same task independently, selecting an image from each operator's recording of each animal, tracing that image and measuring the tracing. The vertical and horizontal on-screen centimeter scales generated by the B-mode machine was used for calibration.
The UST-5021-3 probe is the largest available for the 210DX, but it is not large enough to image an entire longissimus muscle crosssection from cattle. To do this, tape was recorded as the probe was panned laterally across the animal's back and two separate images with common reference points on a dorsal-ventral axis were traced to give a single image on acetate film. This approach seemed to be more reliable than the alternative of recording two half-size images using the splitscreen function of the B-mode machine.
Fat depths (acetate image and carcass) were measured along a line originating at right angles from a point 3/4 of the length of the longissimus muscle (medial to lateral) and included the skin (NPPC, 1983). Longissimus muscle area was measured from tracings of ultrasound recordings using a compensating planimeter. As discussed above, each operator recorded A-mode fat depth and measured their own B-mode tape recorded images. An independent, experienced technician also obtained measurements from all B-mode recordings. The technician and operators had been trained using a brief sample tape developed by J. Novakofski.
The last rib was used as the scanning site for ease of location by palpation and to minimize variation in the scan site location. Last rib fat depth also has been shown to be useful as a predictor of carcass composition in pigs (Kempster and Evans, 1979; Fredeen and Weiss, 1981; Diestre and Kempster, 1985; King et al., 1986) . The ultrasonic measurement was taken at approximately the same site as the Pz fat depth measurement (6.5 cm from the midline at the last rib) used in European piggrading schemes (MLC, 1980). Animals were housed at the University of Illinois Meat Science Laboratory abattoir overnight before slaughter and provided with water but not feed. Live weight and carcass data were available on all 18 cattle and on 22 of the sheep and 36 of the pigs scanned. The cattle averaged 531.8 f 8.6 kg, the sheep 48.7 f .7 kg and the pigs 108.2 f 1.4 kg body weight at slaughter. Live weight was recorded immediately prior to slaughter and hot carcass weight was measured post-slaughter. Fat depth and longissimus muscle area were measured 24 h postmortem at the level of the loth rib in pigs and at the 12th rib in cattle and sheep. Longissimus muscle area was measured using a dot grid.
Note the ultrasonic measurements were made at the last rib, for the reasons stated above, whereas carcass fat depth and longissimus muscle area data were available only at the 10th or 12th rib. Correlations between carcass and ultrasound measures, therefore, are expected to be less than 1. For example. an analysis of 505 pig carcasses not involved in the present experiment resulted in partial correlation coefficients (adjusted for experiment, sex and pen effects) of .86 between longissimus muscle area measured at the loth and last rib and of .56 between P2 and loth rib fat depth @. G. McLaren, unpublished data). The relative results obtained by the two ultrasound machines and by the different operators were of interest in this experiment, not the absolute comparison of ultrasound vs fixed carcass measurements. Ultimately, ultrasonic or carcass measurements are used as indirect indicators of characteristics such as carcass lean content that are not feasible to measure directly; thus, correlations between indirect measures taken at the same anatomical site are of little practical importance.
Statistical Analysis. Ultrasonic measures of fat depth on 18 cattle, 32 sheep and 45 pigs were analyzed using the GLM procedure of SAS (1985) . A linear model that included the effects of animal species, operator, machine, all two-factor interactions, the three-factor interaction and animal nested within species was assumed. Animal nested within species, operator and interactions involving operator were considered random effects (Table 2 ). An appropriately reduced model was assumed for analyses conducted by species.
Fat depth and longissimus muscle area from B-mode recordings and A-mode ultrasonic scanned fat depth were analyzed assuming a linear model that included the effects of species, animal nested within species, operator and the operator x species interaction. The effects of animal, operator and operator x species were assumed to be random. Animal within species was used as the error term for testing species effects and operator x species was used as the error term for testing operator effects.
Analyses by species assumed random models with animal, operator and residual effects. Total variance, therefore, was the s u m of operator variance (differences among scan measurements associated with the different operators), animal variance (differences among scan measurements associated with the different animals) and residual variance. Variance components were estimated using the SAS VARCOMP procedure REML (restricted maximum likelihood, mixed models) or ML (maximum likelihood, random models) methods (SAS, 1985) .
Repeatability was calculated as the intraclass correlation among animals (animal variance divided by total variance) for fat depth and longissimus muscle area measured and interpreted by different operators. Repeatability represents a pooled measure of the correlation between repeated measures on the same animals (Steel and Tome. 1980) . The sampling variance of the intraclass correlation (t) was calculated using the following approximation (Eq. 10.12, Falconer, 1981): where N = the number of animals and n = five, the number of repeated measurements made on each animal.
Results
Species x machine x operator interaction effects were detected (P < .001) for ultrasonic fat depth (Table 2) , indicating the need to consider machine and operator effects for each species separately. Wihin-species analyses (not in table) revealed important machine x operator interactions (P < .001) for scanned fat depth measurements of cattle (F.4~53 = 11.6), pigs (F4,3% = 6.9) and sheep (F4,279 = 4.9).
Means for carcass and ultrasonic measures of fat depth and longissimus muscle area (Table 3 ) revealed severe overestimation of 12th rib fat depth based on last rib B-mode recorded images in sheep and underestimation of fat depth using the A-mode ultrasound machine in all species, but particularly in pigs and cattle. Measures of longissimus muscle area from recorded images at the last rib were less than carcass measurements for all three species (Table 3) .
Analyses of A-mode ultrasonic measures of fat depth (ABF), B-mode scanned fat depth (OBF) and longissimus muscle area (OLMA) measured by each of five operators and by the technician (TBF, TLMA) revealed important species x operator interactions (P < .001) for all traits except technician-interpreted scanned longissimus muscle area, for which operator and species x operator were both P > .20.
Total variance of fat depth for cattle and sheep was greater for B-mode than for A-mode ultrasonic measures (Table 4, Figure 1) ; however, B-mode means also were two to three times as great as A-mode means for these species (Table 3) . Coefficients of variation for B-mode measures of fat depth were higher for cattle than for pigs and sheep but were similar for all three species for A-mode fat depth (Table 4) . In cattle, operator variance was significant only when operators measured fat depth from their own recordjngs (OBF, Figure  lA) , indicating that the recording process involved less operator error than the interpretation of an image from video tape. Operator variance for scanned fat depth was similar and significant for the two machines for sheep but was not significant for technician-interpreted recorded images (Table 4, Figure 1B ). Operator effects were greatest for the A-mode ultrasonic scans of pigs and least for real-time fat depth recorded images measured by the operator making the scan (OBF, Figure 2 ). Coefficients of variation were 62%, 24% and 21% higher for operator vs technician measured longissimus muscle area for cattle, sheep and pigs, rcspectively. Significant differences among operators were detected for operatorinterpreted scanned longissimus muscle area for all three species, but for technicianinterpreted scanned longissimus muscle area an effect of operator was detected only in pigs ( Table 4) .
Operator variance for operator-interpreted recordings is attributable to differences in images recorded on the same animals and interpreted by the different operators. Operator variance for technician-interpreted recordings was due to differences in recorded images plus variation in measurements made by the one technician. Operator effects accounted for 33%, 5% and 1% of the variation in cattle, sheep and pig operator-interpreted B-mode fat depth scans, respectively, and for 0%, 1% and 5% of the variation in technician-interpreted ' TEW = B-mode scanned fat depth measured by a single technician who did not record the image, mm2. dABF = A-mode ultrasonic measure of fat depth recorded on each animal by each operator, mm2. eOLMA = B-mode scanned longissimus muscle area measured from video tape by the operator who recorded the fTLMA = B-mode scanned longissimus muscle area measured by the technician, cm4.
gTotal variance = animal variance + operator variance + residual variance = S2.
k V = coefficient of variation = (standard deviation, S/meaa) x 100%. operators.
recorded on each animal at the last rib by each of five operators.
that recorded the images on each animal.
operators that recorded the images on each animal.
tP < .lo. *P < .os. **P < .01.
from averaging measures made by the technician were .18, .28 and .80 for cattle, sheep and pigs, respectively. In both cases, coefficients differed from zero only for pigs. Deleting data from the seven unsheared sheep increased the correlation between carcass longissimus muscle area and technician-interpreted scanned longissimus muscle area to .38 (P > .lo), but this had little effect on the correlation with operator-interpreted scanned longissimus muscle area.
Discussion
Current ultrasonic imaging instruments, developed for diagnosis of disease in human medicine, are accurate, compact and easy to use. Multi-element probes have replaced the single transducer of older instruments and micro-processors translate the large number of signals into a "real-time" video image. Obtaining an ultrasonic cross-sectional image of subcutaneous fat and the longissimus muscle requires only seconds. Lowcost clinical ultrasound machines (typical models that might be used with meat animals cost approximately $12,000 to $15,000) can be used to obtain an image in an amount of time similar to that required for routine weighing of individual animals.
In the present experiment, operators measured their own recordings in the laboratory and an independent, trained technician also read all recordings in the laboratory. This allowed partitioning of operator effects, to an extent, into those occurring when the image was recorded and those associated with measuring from the recorded image. Operators with various degrees of experience were purposely chosen to examine operator effects. Although all but one of the ultrasound operators (operator 2) had previous experience using one or both machines in field situations with one or more species, experience and skill among members of the group was variable. Before conducting the experiment, all operators completed a brief training video to improve measurement skills.
The poor correlations between scanned and carcass fat depth obtained for cattle and sheep may, in part, be attributable to the different anatomical sites at which ultrasound and carcass measurements were obtained. Posture and transducer pressure effects in the live animal vs measuring the split, hanging carcass and recording biases associated with measurements both on the carcass and from scanned images (Mersmann, 1982) inevitably result in a less than perfect agreement between in vivo and carcass measures, even at the same anatomical site. Damage to the fat during slaughter and skinning also will contribute to greater errors in measuring carcass fat depth of cattle and sheep.
Correlations between scanned and carcass measures in the present study also reflect variability among operators. Correlations as high as .51, .75 and .85 with the B-mode scanner and .32, .25 and .68 using the A-mode ultrasound machine were obtained by operators for fat depth in cattle, sheep and pigs, respectively ( Table 7) . Correlations for longissimus muscle area of cattle, sheep and pigs as high as .35, .45 and .73, respectively, were obtained by operators using the B-mode machine. Operator effects may arise as a result of variation in location of the scan site as well as interpretation of the results obtained, hence, the last rib was chosen as the scan site in this study in an attempt to minimize site location as a source of variation.
Figures 1 and 2 illustrate the generally greater variability among means for operatorvs technician-measured recorded images. This, and the repeatabilities presented in Table 5 , suggest that image interpretation causes a larger source of variation than image acquisition does. This is not surprising given the nature of the ultrasound image (Figure 3) . Ultrasound images are generated from sound backscattered by a phase transition in the sound propagating medium. These transitions may result from changes in chemical composition, density or physical structure and organization. Structures that may be apparent visually on a ribbed carcass may not be visible ultrasonically and, conversely, acoustically imaged structures may not correspond to visible structures. Measurements from an ultrasound image, therefore, requires knowledge of the anticipated images (i.e., carcass evaluation experience), as well as an awareness about how acoustic images are generated and what they represent.
Variability among operators was significant for operator-interpreted B-mode scanned fat depth for all three species, for A-mode scanned fat depth for sheep and pigs only and for technician interpreted B-mode scanned fat depth only for pigs (Table 4, Figure 1 ). Clearly the individual operating the real-time (Bmode) scanner has the potential to improve the accuracy with which fat depth is measured in cattle, sheep and pigs, but the results obtained are dependent on image interpretation.
Real-time instruments of the type used in this study only have the capability to make linear measurements on the image obtained. This reduces the potential usefulness for animal evaluation because estimates of body composition likely will be more accurate when muscle area is included in prediction equations (Kempster et al., 1979 (Kempster et al., , 1982 Grisdale et al., 1984; Terry et al., 1989) ; however, not all studies have found this to be the case (e.g., Kempster et al., 1981; Alliston et al., 1982) . Larger and more expensive machines capable of area measurements are impractical for field use with animals. Images, therefore, are frequently recorded on video tape and measurements are made manually from a calibrated monitor or from tracings from the monitor.
Variability among operators was significant for operator-interpreted scanned longissimus muscle area for all three species and for technician-interpreted scanned longissimus muscle area in pigs only (Table 4, Figure 2) . Although machines such as the 210DX Bmode scanner seem to yield reasonably accurate measures of longissimus muscle area from tape-recorded images from pigs, the results obtained, as with fat depth, appear to be highly dependent on image interpretation. Given that operator effects are more likely to result from interpretation than from obtaining recorded images, improvements in accuracy may be achieved by automating image analysis. Accuracy of ultrasound measures also might be improved by use of measurements that require less interpretation. The use of fat depth and longissimus muscle area for ultrasound measurements is predicated upon the usefulness of these measures when obtained from carcasses. However, it has not been determined A section of loin between the 9th and 11th ribs was removed from a market-weight pig, imaged and photographed 1 h after slaughter to illustrate differences in optical (A) and acoustic (B) images. Note, for example, the clarity of distinction between fat and muscle in the area of the iliocostalis (i) and the serratus dorsalis (s) muscles in the optical vs the acoustic h g e . The ultrasound image was obtained about 2.5 cm anterior to the cut surface using a 2-cm polyvinylchloride standoff. Tissue temperature at the time of imaging was W C . Photographs are sized to equal 3/4 fat depth. The scale in the uttrasound image is graduated in 1-cm increments.
OPERATOR EFFECTS ON
that these are the most useful predictive measures obtainable with ultrasound. Cross et al. (1983) found that a video image analyzer measured composition of the 9-10-11th rib section in 44 cattle more accurately than traits measured directly from the carcass. Digital image analysis, a technology for enhancing and quantitatively analyzing photographic or video images, is used to examine images from sources as diverse as telescopes and microscopes. Ultrasound instruments with integrated image analyzing computers currently are prohibitively expensive for animal production use, costing three to four times more than instruments such as the 210DX B-mode scanner. Digital imaging technology, however, is available at a reasonable cost for microcomputers and will allow automation of obtaining objective measurements from ultrasound images recorded using low-cost instruments in field situations. In ongoing studies in our laboratory we are investigating microcomputer processing of ultrasound images as a rapid, accurate and flexible system for evaluating composition of live animals.
Correlations with carcass measures are, of course, only an indicator of the usefulness of ultrasound data. Either caccass or ultrasound data are used to estimate body composition (e.g., carcass lean content). Correlations between ultrasonic measurements of fat depth and muscle area and carcass composition frequently are as high as correlations between actual measurements on the carcass and carcass composition (Simm, 1983; Forrest et al., 1989; Terry et al., 1989) . Further research is required to evaluate the accuracy and precision of real-time ultrasound data obtained from live animals, relative to carcass data, to estimate body composition.
implications
Accuracy of in vivo measurement of fat depth can be improved using a B-mode ("realtime") vs an A-mode ultrasonic scanner, and reasonably accurate measurements of longissimus muscle area can be obtained using a Bmode instrument, at least in swine. Correlations between carcass and ultrasound measures were low for cattle and sheep and high for pigs but were subject to potentially large operator effects in all three species. Technical training standards are needed for persons who will use such equipment to evaluate livestock in the field. Training will be required in ultrasound technology, use of instruments, anatomy of the species to be evaluated and methods of interpretation to relate ultrasonically obtained cross-sectional images of the live animal to carcass characteristics.
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